. We propose and demonstrate a versatile holographic storage system using a single-mode polarizationmaintained ͑PM͒ fiber guided reference beam. By properly allocating the output coupler of the single-mode fiber, the system provides the ability of angular multiplexing recording with no upper limit of the angle tuning range of the reference beam. In addition, this system can easily achieve different holographic storage architectures including transmission, reflection, and 90-deg geometries. 
The main advantages of holographic storage technique are the very high volumetric storage capacity ͑ϳ10 12 bits/ cm 3 ͒ and fast readout speed ͑ϳ10 11 bits/ sec͒ ͑Refs. 1-4͒. The high storage capacity of volume holograms is attributed to the ability of recording multiple data pages at a single location through multiplexing techniques. [5] [6] [7] Among them, angular multiplexing is the most commonly used scheme, and the reference beams for each page should be incident at the same position on the recording medium with different incident angles. In conventional structures, the direction of the reference beams can be controlled by use of a rotation stage and a telescope imaging system. 1, 3 The most serious problem of this optical system is that the total angle of multiplexing of the reference beam is limited by the aperture size in the telescope system. In terms of the geometric optics factors, the total number of data pages that can be recorded at one material location is equal to the total angle of multiplexing divided by the angular separation between two neighboring pages. Since the minimum angular separation is determined by the Bragg condition, the maximum storage capacity of each material spot is limited by the total angle of multiplexing, which is limited by the aperture size of the reference beam. For example, the Bragg condition of the commercial 1-mm holographic plate with M / # =10 ͑Inphase Tech.: HDS2000͒ is estimated to be 0.1 deg. Suppose the numerical aperture ͑NA͒ lens of the reference beam is 0.5. To obtain good reference beam quality, we use only the central region of the lens, which is assumed to be 20 deg. From the geometric optics point of view, the storage capacity for angle multiplexing is limited to 200 pages. From the material point of view, the recording capability is 1000 pages, if the diffraction efficiency for each page is 1 ϫ 10 −4 . This number far exceeds that of the geometrical optics limitation. Apparently, if we want to fully utilize the material capacity, we should increase the lens aperture of the reference beam. This will inevitably increase the volume of the telescope to become bulky and impractical. Therefore, it is important to find a new way for increasing angle multiplexing without increasing volume.
On the other hand, different storage materials are suitable only for particular recording geometries. We require different recording geometries for characterization of different materials. However, conventional systems consisting of discrete optical elements are not easy to change, and alignment of the reference beams for angular multiplexing is particularly a dedicated procedure. Thus, it will be very useful to have a unique way for converting holography geometries without moving the optics of the reference beam.
In this letter, we propose a novel holographic storage system that has no limit for the total range of angle multiplexing, and the reference beam is guided by a single-mode polarization-maintained ͑PM͒ fiber from the laser source toward the storage medium. The recording medium is fixed at the central spot of a rotation stage, and the output coupler of the fiber is fixed at the circular rim of the rotation stage, which can rotate with respect to the center of the stage. Angle multiplexing is achieved simply by rotating the output coupler of the fiber around the recording spot. In principle, the angle tuning range can be as large as 360 deg. Therefore, this novel method provides a compact system for angle multiplexing holography with no upper limit of angle tuning. An additional merit of this system is that, by adjusting the position of the output coupler of the fiber, the system can easily achieve the transmission, reflection, and 90-deg geometries for holographic storage. Thus, our system could also be a compact and versatile test stand for holographic material research. ence beams by a polarizing beamsplitter ͑PBS͒. The object beam is expanded and collimated to illuminate a liquid crystal display as the input device. A two-dimensional CCD is used to detect the reconstructed image. The reference beam is coupled into a fiber ͑part number: Newport F-SPA-OPT͒ by lens L 3 , and guided to an output coupler, which is mounted on the rim of a precision rotation stage. The reference beam is collimated by a lens and aligned toward the center of the rotation stage. The recording medium is mounted and fixed at the central position of the stage, which is separated from the stage. Thus, the medium does not move and only the incident angle of the reference beam changes when the rotation stage is rotated. This is exactly the reference beam that is required for the angular multiplexing recording.
In fact, any rotation stage with a circular rotating ring can be used for this purpose as long as the holder of the recording medium is fixed at the central position and separated from the rotating ring. Here, we used Newport PM500-360 with the 0.0006-deg rotation accuracy. Since the rotation range is 360 deg, the transmission, reflection, and 90-deg geometries can be realized simply by rotating the fiber output coupler. Thus, this system provides the capability of angle multiplexing with no limit of angle sweeping for the reference beam.
In experiments, for the transmission geometry, the output fiber coupler was rotated to the same side of the recording material as the object beam ͑shown in Fig. 1͒ . The recording angle between the reference and the object beams is 45 deg in air. The recording material is a 5-mm-thick LiNbO 3 crystal. The diffraction efficiency is measured as a function of the deviation angle of the reading beam, and is shown by the circled spots in Fig. 2͑a͒ . From this curve the angular selectivity is about 0.01 deg. Since the reference beam comes from a single-mode fiber, the speckle effect is limited and thus the angular selectivity should be similar to that of the plane wave reference beam. 7 The solid curve of Fig. 2͑a͒ shows the theoretical curve of Bragg selectivity, 8 and the two results match well.
When the output end of the fiber is rotated to the adjoining side of the object beam, 90-deg recording geometry can be achieved. In this case, the recording medium is a 45-deg-cut LiNbO 3 crystal with 10ϫ 10ϫ 10 mm 3 dimensions.
The measured data are shown as dots in Fig. 2͑b͒ and have no clear nulls of the sinclike function because the crystal has an absorption coefficient of 0.2 mm −1 . The effect of the linear absorption induces a tapering of the index grating, which expands the width of mainlobe and reduces the peak values of sidelobes of diffracted sinclike signal. 9 By considering absorption, the theoretical results are shown as the solid curve in Fig. 2͑b͒ . The angular selectivity is about 0.004 deg for both experimental and theoretical cases.
When the position of the fiber is rotated to the opposite side of the object beam, the system performs the reflection hologram recording. The recording material is a 1-mmthick PQ/PMMA photopolymer, and the incident angle between the two recording beams is 135 deg. The measured and theoretical data are shown in Fig. 2͑c͒ , and both results show the Bragg selectivity is about 0.04 deg in this case.
In conclusion, we proposed and demonstrated a versatile holographic storage system that provides the capability of angle multiplexing with no limit of total tuning angle for the reference beam. By properly rotating the rotation stage, the system can easily achieve transmission, reflection, and 90-deg geometries for recording holograms. The Bragg selectivity on different materials with three recording geometries were measured and were shown to be reasonably coincident with the theoretical analysis. The results show that our system could be a versatile platform for investigating holographic storage. Another advantage of our system by using a single-mode fiber is that the additional effects induced by the multimode fiber, such as speckle, stability, and ruggedness can be minimized. 
